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THE EFFECTS ON DYNAMIC LATERAL STABILITY AND CONTROL OF LARGE ARTIFICIAL 
VARIATIONS IN THE ROTARY STABILITY DERIVATIVES + 


By ROBERT O. SCHADE AND James L. HABSELL, Jr. 


SUMMARY 


An investigation has been conducted in the Langley free-flight 
tunnel to determine the effects of large artificial variations of 
several rotary lateral-stability derivatives on the dynamic lateral 
stability and control characteristics of a 45? sweptback-wing 
airplane model. The derivatives investigated were the damping- 
in-yaw derivative Ca, (the yawing moment due to yawing), 
the damping-in-roll derivative Cy, (the rolling moment due to 
rolling), and the two cross derivatives Ci, (the rolling moment 
due to yawing) and C,, (the yawing moment due to rolling). 
Flight tests of a free-flying model were made in which the 
derivatives were varied over a wide range by means of an 
artificial-stabilization device incorporating a gyroscope sensitive 
to rolling or yawing velocity. Calculations of the period and 
damping of the lateral motions and of the response to roll and 
yaw disturbances were made for correlation with the experi- 
mental results. In order to simplify the analysis, most of the 
calculations were based on the assumption of idealized artificial- 
stabilization systems, but a few check calculations were made 
in which the small constant time lag of the stabilization device 
used in the tests was taken into account. Extensive calculations 
were not made by this method, however, because of the extremely 
laborious process involved and because a systematic determina- 
tion of the effect of time lag on stability throughout the variation 
of the four derivatives was considered beyond the scope of the 
present investigation. 

The calculated resulis were in qualitative agreement with the 
experimental results in predicting the general trends in flight 
characteristics produced by large changes in the stability deriva- 
tives, but in some cases the theory with the assumption of zero lag 
was not in good quantitative agreement with the experimental 
results. In these cases the check calculations with time lag taken 
into account indicated that the discrepancies could be attributed 
to the effect of the small constant time lag in the stabilization 
device used. The results showed that the only derivative which 


provided a large increase in damping of the lateral oscillation ' 


without adversely affecting other flight characteristics was Ca, 
(Because of the limitations imposed by the relatively small size 
of the test section of the Langley free-flight tunnel, however, the 
Slight characteristics of the model were not appreciably influenced 
by the stiffness in turning maneuvers that has been found 
objectionable in some airplanes equipped with yaw dampers.) 


Increasing Ci, to moderately large negative values produced 
substantial increases in the damping of the lateral oscillation 
but caused an objectionable stiffness in roll. Further negative 
increases in Cip did not cause additional increases in damping 
of the lateral oscillation and made the stiffness in roll more 
objectionable. Increases in Ci, or Ca, in the positive direction 
produced an increase in damping of the lateral oscillation but 
caused an undesirable spiral tendency. 


INTRODUCTION 


Many present-day high-speed airplanes have exhibited 
unsatisfactory damping of the lateral oscillation, partly 
because of the configurations required for high-speed flight 
and partly because of the more severe operating conditions 
encountered (high altitude and high wing loading). Since 
in many cases ‘satisfactory oscillatory stability cannot be 
obtained by making reasonable geometric changes to the 
airplane, much interest has been shown in the use of artificial- 
stabilization devices as a means of obtaining satisfactory 
damping of the lateral oscillation. 

Yaw dampers have been installed in some airplanes in an `^ 
effort to improve the lateral oscillatory stability. This 
artificial-stabilization device provides rudder deflection in 
response to a signal from a gyroscope sensitive to yawing 
velocity so that the yawing moment of the rudder tends to 
damp the lateral motion of the airplane. In an idealized 
system such a device produces the damping-in-yaw deriva- 
tive Cna, (the yawing moment due to yawing). Similar 
devices can be considered, in an idealized case, to vary the 
damping-in-roll derivative Cy, (the rolling moment due to 
rolling) and the two cross derivatives C, ; (the yawing moment 
due to rolling) and C;, (the rolling moment due to yawing). 
In a practical case, of course, the actual characteristics of 
the artificial-stabilization device should be taken into account 
rather than considering that the device produces a simple 
change in one of these derivatives. References 1 and 2 
present’ some results of theoretical investigations of large 
derivative variations as produced by idealized artificial- 
stabilization systems and references 3 and 4 present methods 
for taking into account the effect of constant time lag in- the 
stabilization systems. 


! Supersedes NAOA TN 2781, “The Effects on Dynamic Lateral Stability and Control of Large Artificial Variations in the Rotary Stability Derivatlyes3” by Robert O. Schade and 


James L, Hassell, Jr., 1952. 
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Varying the value of either of the damping derivatives C,, 
and Cy, changes the total damping of the airplane. Varying 


the value of either of the cross derivatives Ca, and Ci, 


primarily causes a redistribution of the natural damping of 
the system for cases in which the airplane has low values of 
the product of inertia. For high values of the product 
of inertia, variations in C,, or Cj, can cause sizable changes 
in the total damping of the airplane. 

In order to study the relative effects of large independent 


variations of these four rotary stability derivatives on the ` 


dynamic stability and control characteristics of airplanes, 
an investigation has been carried out in the Langley free- 
flight tunnel on a free-flying dynamic airplane model 
equipped with an artificial-stabilization device incorporating a 
rate-sensitive gyroscope. This investigation is a part of a gen- 
eral research program to determine the effects of several of 
the lateral-stability derivatives, both independently and in 
combination, on dynamic lateral stability and control. 
Force tests were made to determine all the lateral-stability 
derivatives of the model in the basic condition for use in 
making calculations and establishing flight-test conditions. 
Calculations were made to determine the period and damping 
of the lateral motions and the lateral response to rolling and 
yawing disturbances for correlation with flight-test results. 
In order to simplify the analysis, most of the calculations were 
based on the assumption of idealized artificial-stabilization 
‘systems although the stabilization device used in the 
tests did have a small constant time lag. Additional cal- 
culations including the effect of constant time lag were made 
for some conditions in which the idealized theory was not 
in good quantitative agreement with the experimental results. 
All tests and calculations were made at a lift coefficient of 1.0. 
Although the results do not apply directly to airplanes or 
- flight conditions other than those investigated, the trends of 


the results presented are believed to give a’ qualitative - 


indication of the general effects of large independent varia- 
tions of the four stability derivatives under consideration. 


ak . SYMBOLS AND COEFFCIENTS 


All force and moment measurements were obtained with 
respect to the stability axes. A sketch showing the axes and 
the positive directions of the forces, moments, and angles is 
given in figure 1. 


CL lift coefficient, Lift/gS 

Cy yawing-moment coefficient, 
Yawing moment/qS6 

Cı rolling-moment coefficient, 


Rolling moment/qSb 
lateral-force coefficient, Lateral force/gS , 
rolling moment, about X-axis, ft-lb 
yawing moment, about Z-axis, ft-lb 
lateral force, Ib 


dynamic pressure, 3 pV?, lb/sq ft 


wing area, sq ft 
distance from airplane center of gravity to 
vertical-tail center of pressure, ft 


~an rg ee 


Q ch 
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Wind direction 


Wind direction 


FIGURE 1.—The stability system of axes. Arrows indicate positive 


directions of moments, forces, and angles. This system of axes is 
defined as an orthogonal system having the origin at the centor 
of gravity and in which the Z-axis is in the plane of symmetry and 
perpendicular to the relative wind, the X-axis is in the plano of 
symmetry and perpendicular to the Z-axis, and the Y-axis is por- 
pendicular to the plane of symmetry. At a constant angle of attack, 
these axes are fixed in the airplane. 


ao 


wing span, ft 

time, sec 

sidewise displacement from center line of test 
section, ft 

mass density of air, slugs/cu ft. 

2 airspeed, ft/sec 

angle of sideslip, radians except where other- 
wise noted 

angle of yaw, deg 

angle of bank, deg 

angle of attack, deg 

control deflection, deg 

total aileron deflection, deg 
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vertical-tail deflection, deg 

relative density factor, m/pSb 

mass of airplane, slugs 

angle of attack of principal longitudinal axis of 
airplane, deg 

frequency, radians/sec 

natural frequency of model, radians/sec 

Aleron deflection 


Rolling velocity ” 
deg/radian/sec 


inclination of flight path to horizontal axis, 
positive in a climb, deg 

moment of inertia about principal longitudinal 
axis, slug-ft? 

moment of inertia about principal normal 
axis, slug-ft? 

radius of gyration in roll about principal longi- 
tudinal axis, ft 

radius of gyration in yaw about principal 
vertical axis, ft 

nondimensional radius of gyration in roll 
about longitudinal stability axis, 


kx NG kg N 
(=) cos? 1/72) sin?y 


nondimensional radius of gyration in yaw 
about vertical stability axis, 


kz \? kx N 
V (2) cost nò) sino » 


nondimensional product-of-inertia parameter, 


(C3) C9 oe 


wing incidence, deg 
rolling-angular-velocity factor, radians 
yawing-angular-velocity factor, radians 
rolling angular velocity, radians/sec 
yawing angular velocity, radians/sec 


amplitude ratio, 
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C= OC, 
a po 
2V 
OC, 
On ab 
2V 
Gu Cy 
3 rb 
2V 
C= oc; 
í Ò rb \ 
2 
OC, 
(Oi, 35 
OC, 
(Cus, Ob, 
Ci, rolling-moment coefficient due to deflection of 
both ailerons 
Ca. yawing-moment coefficient due to rudder ` 
deflection 
P period of oscillation, sec 
Tin time for amplitude of lateral oscillation or 
aperiodic mode of motion to decrease to 
one-half amplitude, sec 
A, B coefficients of first two terms of lateral- 


stability quartic equation (see ref. 1) 


2K Kz Org PEx Cn, + K2C1,— 
B 1 2Kxz Crg- KxzQi,-KxsCa, 
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APPARATUS 
TUNNEL AND MODEL 


The flight-test part of the investigation was carried out 
in the Langley: free-flight tunnel which is equipped for test- 
ing free-flying dynamic models. A complete description of 
the tunnel and its operation is given in reference 5. The 
static longitudinal and lateral stability characteristics were 
determined in the Langley ‘stability tunnel and the aileron- 
and rudder-effectiveness tests were made in the Langley free- - 
fight tunnel. The dynamic lateral-stability derivatives were 
determined in the Langley stability tunnel by the yawing- 
and rolling-flow techniques described in references 6 and 7. 

A three-view drawing of the model used in the investiga- 
tion is presented in figure 2 and a photograph of the model 
is presented as figure 3. The dimensional and mass char- 
acteristics of the model are presented in table J. A wing 
having 45° sweepback of the leading edge, a taper ratio of 
0.5, and an aspect ratio of 3.00 was incorporated in the 
design because this plan form was typical of a number of 
proposed fighter airplanes. The center of gravity of the 
model was located at 23.3 percent of the mean aerodynamic 
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10.75 


FiaurE 2.—Three-view drawing of test model. All dimensions are 
in inches. 


chord for all tests. The model was equipped with oversize 
(half-span, 30-percent-chord) ailerons and an all-movable 
vertical tail in order to obtain the high rolling and yawing 
moments required for large variations of the rotary deriva- 
tives. The ailerons were also used for manual control but 
the all-movable tail had a flap-type rudder for manual 
control. Conventional horizontal stabilizing surfaces were 
employed. A boom-type metal fuselage was used in order 
to simplify the construction of the model. 

For manual control the rudder and ailerons were elec- 
trically interconnected to move together in order to elimi- 
nate the adverse yawing moment of the ailerons. Aeron 
and rudder deflections of +21° and +14°, respectively, were 
used for all flight conditions except for the highest value of 
C,,. In this condition the aileron deflection was +29° and 


the rudder deflection was +19°. 


a 


L-62784 
FIGURE 3.—Model used in free-flight tunnel tests. 


The manually controlled rudder was operated by a flicker- 
type (full on or full off) electrical actuator. Although. all 
other servoactuators were of the proportional pneumatic 
type, essentially flicker-type control was obtained with them 
because control was applied by abrupt movements of the 
control sticks and because very high gearing was used be- 
tween the stick and control surface. 

In order to have the model represent an airplane that had 
poor oscillatory stability and hence require an artificial- 
stabilization device, the wing incidence was adjusted so that 
the basic model had a neutrally stable lateral oscillation at 


‘the test lift coefficient of 1.0. This neutrally stable oscilla- 


tion was obtained by increasing the wing incidence to 10° 
so that the principal axes of inertia became more closely 
alined with the wind axes. (See ref. 8.) 


ARTIFICIAL-STABILIZATION DEVICE 


The artificial-stabilization device used in this investigation 
consisted of a rate gyro and a servoactuator. The rate gyro 
was mounted on a quadrant so that it could be alined with 
either the roll or yaw stability axis; therefore it would be 
sensitive only to a rolling or a yawing velocity as desired. 
The servoactuator operated both the ailerons and the all- 
movable tail to produce the derivatives C, or C. In order 
to produce pure rolling moments without adverse yaw, the 
all-movable tail had to be deflected simultaneously with the 
ailerons. For the two yawing-moment derivatives C,, and 


C,, the servoactuator operated only the all-movable tail. 
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\ 
TABLE I 
DIMENSIONAL AND MASS CHARACTERISTICS OF THE 
MODEL 
Webht, IDeocee sot aaa dada Ta KAS 20. 5 
Wing loading, lb/sq ft... Bi 3. 85 
Relative density factor, m/pSb.-...---.--------- Sees 12. 58 
Moments of inertia: : 
Px PUI <p denen AAP AHE AA AA 0. 220 
PAA AA ee AAAH 1. 473 
Wing: 
Airfoil section... aaa Rhode St. Genese 35 
AVON, BO aa aayaw AG abah naka Baan Ga b. 33 
SPA Da aaa an AR NA EENE ENE NG 4, 00 
Sweepback, leading edge, deg-------------------- 45 
Incidence, deg.............. 10 
Dihedral, deg_...----.-.-------.--------------- 0 
Taper Talló ma TAG cee ee wee ese eee 0. 5 
AA AA 3. 00 
Mean aerodynamic chord, ft...-.--.----.----.--- 1 
Location of leading edge of mean aerodynamic 
chord behind leading edge of root chord, ft...... 0. 99 
Root ohod, O a adan Ok PG ee 1. 78 
Tipehord Haanaaaa aadd ap elses ese uda 0. 89 
Aileron: 
Area (total), percent wing area___--.-.__..------ 12. 5 
Span (total), percent wing 8paD----~------------- 50 
Chord, percent wing chord......... 30 
Vertical tail: 
Area: 
NANANG TGA ka AA Aaah se 0. 53 
Percent wing area__..--.-----------------.- ` 10 
PAN fhe ee E ENE EE 0. 90 
ASDO TALO esos E coe ws 1. 50 
Sweepback, 50 percent chord, deg---------------- 0 
RGOUCHOIds fb aaa KANA Banna aan aaa a 0. 75 
ko) pO) o AA AA AA AA 0. 44 
Tail length (from 0.23 mean aerodynamic chord of 
wing to 0.25 mean aerodynamic chord of tail), 
aata a Sie ee oie ee cee 0. 514 
Airfoil setið- -ossidu NACA 0009 
Horizontai! tail: 
Area: 
Square feet (including area through fuselage) .. 1. 19 
Percent wing area............ 22. 3 
DAN, AA PAA 1. 96 
ASDOCE PANO SB AA a AG EN 3. 23 
Sweepback, 50 percent chord, 6 (=. eae ata 0 
Koot- chord, ha 2 ee eee ee aR 0. 75 
Tip CnOrd, tts5 2c oct oh eon AP 0. 44 
Tail longth (from 0.23 mean aerodynamic chord of 
wing to 0.25 mean aerodynamic chord of tail), 
14 ABA AA PN - - 0. b14 
Airfoil section._..-......-.....---...---....-_... NACA 0009 
Fuselage: i : 
Leonet AA aaa sen 5. 67 
Cross section, İn... -== 2 ===- Nha Taal 2 by 3 


No accompanying aileron deflection was required since at 
the flight-test lift coefficient of 1.0 the tail produced no 
rolling moment. 

Deflection of the all-movable vertical tail to produce 
the rolling- and yawing-moment derivatives also produced 
changes in the lateral-force derivatives Cy, (the lateral force 
due to rolling) and Cy, (the lateral force due to yawing). 
In the calculations, however, these changes in Cy, and Cy, 
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were neglected because preliminary calculations indicated 
that even the largest changes in these derivatives did not 
appreciably affect the calculated results. 

The value of a derivative was artificially increased or 
decreased by varying the gyro rotor speed or the control 
linkage to produce more or less control deflection for a given 
rolling or yawing velocity. The sign of a derivative was 
changed by rotating the gyro 180° about the rotor axis to 
give opposite response for a given velocity. 

A schematic drawing of the control system used for the 
Ci, derivative is shown in figure 4. Both ailerons were used 


for control but for clarity in the drawing only one aileron is 
shown. This drawing shows the artificial-stabilization device, 
the manual servoactuator, and the control linkage. This 
linkage allowed both the artificial-stabilization device and 
manual actuator to operate the same aileron surfaces. The 
tubes shown in figure 4 supply air to the gyro rotor to pro- 
duce a given rotor speed and to the servoactuators to pro- 
vide the force required to move the control surfaces. Air is 
also supplied to the gyro pick-off valve which varies the 
signal pressure to the servoactuator. 

In order to explain the operation of the artificial- 
stabilization device, the assumptions are made that the device 
is set up to produce negative Ci, and that the model has 
received a rolling disturbance causing the model to roll to the 
right. ‘The operation then is as follows: In response to the 
rolling velocity the rate-gyro rotor produces a torque about 
the precessional axis of the gyro and the resulting rotation 
about this axis causes the pick-off valve to move. The move- 
ment of the valve varies the signal pressure to the servo- 
actuator which deflects the control surfaces. This control 
deflection produces a rolling moment which tends to prevent 
the model from rolling to the right. 

An example of the results obtained from the calibration 
of the artificial-stabilization device is shown in figure 5. 
The results presented, which are for one value of the deriva- 
tive C:,, show the variation of the amplitude ratio and the 


phase angle with frequency. These results indicate that the 
amplitude ratio did not vary appreciably throughout the 
frequency range, but the variation of phase angle with fre- 
quency was such that the system had an essentially constant 
time lag of about 0.05 second. 


DETERMINATION OF BASIC STABILITY AND CONTROL 
PARAMETERS OF THE MODEL 

The stability derivatives of the model in the basic condi- 
tion for a lift coefficient of 1.0 were determined from force 
tests made at a dynamic pressure of 25 pounds per square 
foot, which corresponds to a test Reynolds numberof ap- 
proximately 1,245,000 based on the mean aerodynamic chord 
of 1.38 feet. The results of these tests are given in table II. 

Aileron and rudder effectiveness at a lift coefficient of 1.0 
was determined from force tests made at a dynamic pres- 
sure of 3.0 pounds per square foot which corresponds to a 
test Reynolds number of approximately 350,000 based on 
the mean aerodynamic chord of 1.38 feet. The results of 
these tests showed that for the range of deflections used in 
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Figure 4.—Sketch of artificial-stabilization system. Arrangement for producing Cy, is shown. 
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Amplitude ratio, tg, rodions/sec 


O 


O 


Phase angle, deg 


l 2 3 4. 5 

k Frequency, w, rodians/sec 
FiGure 5.—Example of frequency-response data for artificial- 
stabilization device. (Case shown is for C1,=—1.0.) 
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the flight tests the variation of control moment with con- 
trol deflection was linear. The ailerons produced a value of 
(Ci)s, of 0.0018 per degree and the all-movable tail produced 
a value of (C,)s, of 0.0018 per degree. These data were used 
in determining the values of the stability derivatives simu- 
lated by the artificial-stabilization device. 


FLIGHT TESTS 
TEST PROCEDURE AND RATINGS OF FLIGHT CHARACTERISTICS 


The various flight characteristics rated in the free-flight- 
tunnel tests were the damping of the lateral oscillation, 
apparent spiral stability, apparent damping in roll, maneu- 
verability, controllability, and general flight behavior. The 
ratings are listed and defined in table II. These ratings 
merely indicate the relative effect of changes in the various 
derivatives on the flight characteristics and should not be 
considered as absolute ratings that can be used to relate 
these results with results for other models or full-scale air- 
planes. Motion-picture records were also obtained to sup- 
plement the flight ratings. One of the main uses of these 
records was to provide time histories for measuring quanti- 
tative values of damping. 

Control-fixed oscillations were initiated by rocking the 
model in roll approximately in phase with the natural fre- 
quency of the oscillation. This procedure is different from 
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TABLE II 


FLIGHT RATINGS AND CALCULATED PERIOD AND 


TIME TO DAMP TO ONE-HALF AMPLITUDE FOR 


FLIGHT-TEST CONDITIONS 


Constant Aerod ic and Mass Terms Used in 
Calculating the Damping and Period of the Model 
iteeateewouwweseusweoese 12. 58 Ui POP LO 
(i 5 AA) EEPE 0. 0216 es PAE _ —0.78 
UF Ei) LEES 0. 1443 a POE 0.31 
r nenewencenennnncnenae 4. 68 OF, ees eee cee 0.43 
eo --erenesamamamananana aa PMN AA —0, 2126 
Bone w nner nce wren nnn n= Ce aan ee een ene ogee 0. 2064 
nE BP AA 0.0100 B 
V ítja. AAAH MT 68, 3 Cy aa eM Sane mee semis —0. 2180 
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the normal full-scale flight-testing procedure in which the 
airplane is released from a sideslipped attitude or disturbed 
by an abrupt rudder deflection. Because of the limited size 
of the test section in the free-flight tunnel, the model usually 
struck the tunnel wall after a sideslip disturbance before 
enough cycles of an oscillation could be obtained for deter- 
mining the damping. 

Apparent spiral stability is a measure of the ability of the 
model to fly, controls fixed, without an aperiodic divergence 
into the tunnel wall. One indication of spiral instability in 
the flight tests was the necessity for almost continuous correc- 
tive control to prevent an aperiodic divergence into the tunnel 
wall, Apparent damping in roll is the measure of the stiffness 
in roll of the model in response to aileron control. 

In this investigation maneuverability is considered a meas- 
ure of the ability to maneuver the model with aileron control 


Basie condition. 
b No definite estimate of maneuverability could be made; see “Results and Discussion” section. 
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easily and quickly. Controllability is a measure of the ease 
with which the model can be kept flying Banana in a 
wings-level attitude. 

The general flight behavior is an indication of the overall 
flight characteristics as affected by all the various stability 


. and control characteristics. A proper balance of oscillatory 


and aperiodic stability, controllability, and maneuverability 
is necessary to give satisfactory flying characteristics. The 
general-flight-behavior ratings are therefore considered the 
best basis for judging the relative merit of the various flight- 
test conditions. 


~ 


RANGES OF VARIABLES 
All flight tests were made at a lift coefficient of 1.0 and a 
wing loading of 3.85 pounds per square foot which corresponds 
to a value for the relative density parameter u of 12.58 at 
sea level. The ranges of values of the four artificially varied 
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derivatives for which flight tests were made are given in the 
following table: 


Value for 
model in 


Range tested 


—7.2 to 18 
—7.3to 1 
—2.9 to 3.1 

—.7to .9 


The values of the derivatives for the model in the basic 
condition were determined from force tests to an accuracy 
of two decimal places. For the artificial variation of the 
derivatives, however, the values could be determined to an 
accuracy of only one decimal place. . 


CALCULATIONS 


Most of the calculations were made, time lag being neg- 
lected, by the method of reference 1 to determine the effects 
of large variations of the four derivatives on period and 
damping for the flight-test conditions listed in table II. 
The mass and aerodynamic parameters used in the calcula- 
tions are also listed in table II. . 

For certain conditions in which the experimental and cal- 
culated results were not in “good quantitative agreement, 
additional calculations were made in which the effect of time 
lag in the artificial-stabilization device was considered. 
These calculations were made for a constant time lag of 0.05 
second by the method of reference 3. Extensive calculations 
were not made by this method, however, because of the 
extremely laborious process involved and because a sys- 
tematic determination of the effect of time lag on stability 
throughout the variation of the four derivatives was con- 
sidered beyond the scope of the present investigation. 

The damping of both the oscillatory and aperiodic motions 
is expressed in terms of the damping factor 1/T1,,, the re- 
ciprocal of the time to damp to one-half amplitude. Positive 
values of this damping factor indicate stability and negative 
values indicate instability (or time to double amplitude). 
Calculations of motions were also made by the method of 
reference 9 on a Reeves Electronic Analog Computer for 
some representative flight-test conditions (table II) to 
determine the response to a rolling- or a yawing-moment dis- 
turbance of 0.01. In these motion calculations the disturb- 
ance was applied in one direction for approximately one-half 
the calculated period of the oscillation and then applied in 
the opposite direction for an equal length of time. 


RESULTS AND DISCUSSION 
PRESENTATION OF RESULTS 


The experimental results are presented primarily in the 
form of ratings for the dynamic stability, control, and general 
flight behavior based on the pilot’s comments and, in some 
cases, these ratings are supplemented by time histories of the 
motions of the model taken from motion-picture records. 
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The experimental and calculated results are presented in 
figures 6 to 17. The flight ratings are presented in table II 
and examples of time histories showing the changes in the 
flight characteristics of the model throughout the variation of 
each derivative are presented in figures 6, 9, 12, and 1b. 

The calculated dynamic lateral stability characteristics of 
the model for the range of each derivative covered in the 
investigation are presented in figures 7, 10, 13, and 16 in the 
form of period and damping of the lateral oscillation and 
damping of the aperiodic or nonoscillatory modes of motion. 
Experimental values of period and damping of the short- 
period lateral oscillation determined from the flight-test 
records are also shown in these figures for comparison with 
the theoretical results. The damping of both the oscillatory 
motion and the aperiodic motion is expressed in terms of the 
damping factor 1 / T 1/2- 

The calculated response of the model to rolling and yawing 
disturbances for various values of each derivative is pre- 


‘sented in figures 8, 11, 14, and 17. The primary reason for 


making these calculations was to obtain a theoretical indica- 
tion of the effect of changes in the variaus derivatives on the 
initial response and resulting motions for use in explaining 
the flight-test results. 

The effects on dynamic stability, control, and general 
flight behavior of artificially varying the derivatives are dis- 
cussed independently for each derivative. Results are pre- 
sented for a wide range of values (both positive and negative) 
for each derivative; however, since damping of the lateral 
oscillation is the primary function of any artificial- 
stabilization system, only variations of the derivatives in the 
direction which produces improvement in oscillatory stability 
are discussed in detail. 

The experimental results, based on flight ratings for. 
oscillatory stability and general flight behavior, are sum- 
marized in figure 18. In this summary a comparison is made 
of the improvements in oscillatory stability and of the accom- 
panying changes in general flight behavior obtained by vary- 
ing the different derivatives. 

The effects of each derivative on the total damping of the 
system are presented in figure 19. These results are pre- 
sented in order to provide a better understanding of the 
effects of the different derivatives on oscillatory stability and 
general flight behavior. 

A comparison of the calculated aisce of the four deriva- 
tives is shown in figure 20 in order to show the relative 
effectiveness of each derivative in providing satisfactory 
oscillatory stability. For this comparison the period and 
damping factor have been scaled up so that the results can 
also be compared directly with the Air Force and Navy 
damping requirements (refs. 10 and 11). In scaling up these 


values the model was assumed to be a =-scale model of an 


airplane; therefore, the period of the model was multiplied by 
3 and the damping factor was divided by 3. 
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EFFECT OF YAWING MOMENT DUE TO YAWING C,, 


As C,,, was increased in the negative direction, the damping 
of the lateral oscillation increased up to an optimum value 
and then decreased while the apparent spiral stability con- 
tinued to improve. In this range the lateral control was 
good, and no apparent loss of maneuverability occurred with 
increasing C,. The best general flight behavior was ob- 
tained with a value of C,, slightly greater than that which 


produced the greatest damping of the oscillation. A de- 
tailed discussion of the changes in dynamic stability, control, 
and general flight behavior is given in the following sections. 

Dynamic stability—In the basic condition (C,,=—0.21), 
the model had neutral oscillatory stability. The flight 
records of figure 6 indicate that moderate increases in the 
value of C,, in the negative direction caused a marked im- 


=- 
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provement in damping of the short-period lateral oscillation. 
Further negative increases in the value of C,, caused a 
reduction in damping of the oscillation; in fact, oscillatory 
instability was obtained with a value of C}, of —7.2. It 
appeared to the pilot that the best damping of the oscillation 
was obtained with values of C}, between —1 and —3. 


When Ca, was varied in the positive direction from the 
basic condition, the lateral oscillation became unstable. 
This instability increased until, at a value of C,,, of 1.8, the 
model became so unstable that sustained flight was impos- 
sible. Neither the period nor the time for the oscillation to 
double amplitude could be estimated from the flight-test 
results in this range of C,, because the model could not be 
allowed to fly uncontrolled for more than a second or two 
at a time. 

The comparison of the calculated and experimental values 
of period and damping of the lateral oscillation shown in 
figure 7 indicates good agreement for the various values of 
C, covered in the tests. These results indicate that maxi- 
mum damping of the oscillatian was obtained with a value of 
C,, of about —2.0. For this value of C,,, the lateral oscilla- 
tion damped to one-half amplitude in about 0.9 second. 
These results also show that the period of the oscillation 
increased from about 1.4 seconds to about 2.2 seconds as 
C, was varied from —0.21 to —7.2. 


For the higher negative values of Cy, (—3.2 to —7.2), the 


flight tests indicated that the lateral motion of the model 
progressively changed from the normal Dutch roll oscillation - 


to a pendulum type of oscillation that consisted mainly of 


roll and sidewise displacement. The time histories of figure 6 
show that at a value of C,, of —7.2 the ratio of yaw to roll is 
approximately one-half the value obtained in the basic con- 
dition. This decrease in the ratio of yaw to roll is attributed 
to the fact that increasing the damping in yaw causes partial 
restraint of the yawing motions. This change in the nature 
of the leteral oscillation is also shown in the calculated 
motions in figure 8. 

During the flight tests a change was also noted in the 
nonoscillatory dynamic lateral stability of the model as C4, 
was varied. Although the damping of the aperiodic modes 
of motion could not be measured from the flight-test records, 


the pilot was aware of increasingly better apparent spiral 


stability as Cna, was increased negatively since the model 
would fly for long periods of time with controls fixed despite 
the natural gustiness of the air flow. This increase in ap- 
parent spiral stability is shown by the time histories (fig. 6) 
which indicate that it was possible to obtain longer uncon- 
trolled flight records as C,, was increased negatively despite 
the lightly damped or, unstable oscillations at the higher 
negative values of C,.. Since the pilot considered this 
flight characteristic desirable, the best spiral-stability ratings 
were obtained with the higher negative values of Ca, 
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The calculated stability in the negative C,, range (fig. 7) 
indicates that the aperiodic modes merge to form a second 
oscillation for values of C,, between —2.0 and —5.2. This 
oscillation was so heavily damped that it was never observed 
in the model flights. The constantly increasing apparent 
spiral stability observed in the flight tests as C,, was varied 
in the negative direction appears to correspond to the in- 
creasing stability of first the spiral mode and then the long- 
period oscillation. 

Control—The lateral control ‘characteristics are pre- 
sented in table II in the form of ratings based on the pilot’s 
opinion of the controllability and maneuverability of the 
model for various values of Ca, 

It may be seen from this table that as Cp, was varied in the 
negative direction the controllability improved. In the 
basic condition (case 7), despite the undamped oscillation, 
the model could be flown with only occasional corrective 
control deflections to keep the model in the center of the test 
section. As C, was increased in the negative direction, the 
model required progressively less control and with the higher 
values of Cp, would fly uncontrolled for relatively long periods 


(See fig. 6.) The best lateral control of the model 
—3.2, when the lateral 


of time.. 
was obtained with a value of Cn, of 


" motion of the model following a disturbance would completely 


die out before any corrective control was required. When 
Ca, was varied in the positive direction, the lateral control 
characteristics became worse. The model was barely 
controllable with the most positive value of C,,, tested (case 
9) since the unstable oscillatory motion and the unstable 
spiral mode necessitated constant corrective control de- 
flections to prevent the model from crashing. 

In the opinion of the pilot the model had adequate ma- 
neuverability throughout the range of C,,, tested in that the 
model could be maneuvered to any desired position in the 
tunnel quickly and easily. In fact, had the model not been 
easily maneuverable, flight with positive values of C, might 


have been impossible-because of both oscillatory and spiral © 


instability. In the negative range of Ca, it was not possible 
to note the decreased maneuverability or increased stiffness 
in making turns which has been experienced with some 
airplanes equipped with yaw dampers (ref. 12) since steady 
turning maneuvers cannot be made in the Langley free-flight 
tunnel because of restrictions imposed by the size of the test 
section. . 

General flight behavior.--The general flight behavior of 
the model in the basic condition (case 7) was not satisfactory 
because of the undamped lateral oscillation. As C,, was 
increased negatively, the general flight behavior of the model 
improved as a result of both the increased damping of the 
oscillation and the improved spiral stability. The best 
general flight behavior was obtained with a value of C,_ of 
—~3.2 (case 3). Although this value of C, produced less 
damping of the oscillation than the maximum obtained with 
C,, equal to —2.2, the pilot felt that the overall flight 
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characteristics obtained were a little better because of the 
better spiral stability and because the model appeared to 
be somewhat easier to control. As C,, was further increased 
negatively, the progressive decrease Ha oscillatory stability 
and the appearance of the objectionable pendulum type of 
oscillation resulted in poorer general flight behavior. With 
values of C,, greater than --5.2 (cases 1 and 2), the overall 
flight characteristics of the model were unsatisfactory because 
of the lightly damped or unstable oscillation. 

When Ca, was increased in the positive direction from the 
basic condition (cases 8 and 9), the general flight behavior 
became very poor because of Bob the oscillatory and gpiral 
instability. 


EFFECT OF ROLLING MOMENT DUE TO ROLLING C:, 


Small negative increases in the value of C7, caused the 
damping of the lateral oscillation to improve rapidly, but 
further negative increases in Cip resulted in no further im- 
provement in the oscillatory ability. Most of the damping 
added to the system by these further increases in C;, was 
absorbed by the aperiodic rolling mode so that the model 
appeared to be very stiff in roll. Although this flight char- 
acteristic caused the model to have very poor maneuver- 
ability in roll, the model was very easy to control in a 
wings-level attitude. The general flight behavior was con- 
sidered satisfactory only for small negative values of C,,. 

Dynamic stability—The results for the damping of the 


lateral oscillation indicate that as Cj, was increased in the 


negative direction from the basic value of —0.32 the damping 
rapidly improved for values of Cj, up to about —0.6 (case 
13, table IT). As Cy, was further increased, the oscillation 
could not be initiated. because the rolling mode was so heavily 
damped that the model was essentially restrained from rolling 
(cases 10 and 11). The time histories in figure 9 show this 
change in the nature of the motion. In the high negative 
range of C7, (—1.0 to —7.0), some flights were made in which 
the initiation of oscillations by rudder deflection was at- 
tempted, but these attempts to obtain oscillations were not 
successful because the model sideslipped into the tunnel wall 
before enough cycles of the oscillation were obtained to per- 
mit measurement of the damping. With a value of C,, of 
— 0.8, the oscillation damped to one-half amplitude in about 
1.4 seconds. 

The flight records show that increasing Cii in the positive 
direction caused the lateral oscillation of the model to become 
unstable. This instability increased very rapidly and, with 
a rather small positive value of C, (0.1), sustained flight 
was impossible. 

A comparison of the experimental and calculated values of 
period and damping of the model is presented in figure 10. 
These results show that the experimental values of period and 
damping are in fairly good agreement with the calculated 
values for the limited range of negative C,, where the period 
and damping could be measured. The calculations show that 
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for negative values of C,, greater than —0.9 damping of the 
oscillation did not increase further. Although the calcula- 
tions correctly predicted the existence of an unstable oscilla- 
tion in the positive Ch, region, the oscillatory instability 


F=~9-50) determined from the flight-test results for 


C,=0.10 was not so severe as that predicted by the cal- 
culations in which time lag was assumed to be negligible 


(qo=-1.7 0) Additional calculations showed that for 
1/2 


this same value of C1, a value of 1/T1,, of zero (neutral sta- 
bility) would be obtained with a time lag of about 0.10 second. 
By interpolation the calculated results can be assumed to 
indicate that the actual time lag of 0.05 second known to 
exist in the stabilization device would result in a value of 
1/T: 7 of about —0.85, which is in better agreement with the 
experimentally determined value of —0.50. The discrepancy 
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between the measured and calculated valuesof damping shown 
in figure 10 may therefore be attributed at least partly to the 
effect of time lag in the stabilization system. 

The most significant change in the dynamic stability of the 
model as Cı, was varied in the negative direction was the 
very rapid increase in stability of the rolling mode. In the 
flight tests this increase in rolling stability was evidenced by 
an increase in the stiffness in roll as Ci, was increased nega- 
tively. With very large negative values of C7, the model was 

essentially restrained from rolling. When Or, was increased 
in the positive direction from the basic condition, the model 
became overly sensitive to aileron control; this sensitivity 
indicates that the stability of the rolling mode decreased. 
No noticeable change in damping of the spiral mode of motion 
occurred throughout the C7, range covered in the tests. 

The tendency toward restraint in roll experienced in the 
flight tests is indicated in the calculated results (fig. 10) 
which show that one of the aperiodic modes (the rolling mode) 
became increasingly stable as C,, was increased negatively. 
The calculated response for various values of C;, presented in 
figure 11 shows the reduction in amplitude of the rolling mo- 
tion as C,, was increased negatively from the basio condition. 
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The flight records (fig. 9) show that the negative damping 
in roll (positive C1) caused the model to have an unstable 
oscillation rather than an aperiodic divergence or roll-off. 
Apparently the reason-for this result is the fact that the roll- 
ing mode was still stable for the highest positive value of 
Cı, covered in the tests. (See fig. 10.) 

Control.— The lateral-control ratings presented in table IT 
indicate that increasing C,,-in the negative direction caused 
the model to have good controllability but poor maneuver- 
ability (cases 10 to 14). The tendency toward restraint in 
roll imposed by high negative values of C, „ although un- 
desirable for maneuverability, caused the model to be very 
steady and to require very little corrective control when 


flown in a steady wings-level attitude. The best lateral 
control characteristics were obtained with a value of Cr, 
of about --0.6, where the oscillation required little control 
and the stiffness in roll was not excessive. The overall 
lateral control characteristics of the model with very large 
negative values of C,, were considered unsatisfactory because 
of the reduced maneuverability. 

The adverse effect of high negative values of C, , ON maneu- 
verability might be eliminated without sacrificing the 
desirable steadiness in wings-level flight by utilizing a control 
system similar to that suggested in reference 12 for an air- 
plane equipped with a yaw damper. In performing maneu- 
vers With. an airplane equipped with one form of such a 
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control system, deflection of the control stick would not 
directly deflect the ailerons but would modify the signal 
from the rate-sensing device to the servoactuator such that 


the aileron would be deflected in the manner required to ` 


perform the desired maneuver. The stiffness in roll apparent 
to the pilot could thereby be greatly reduced. In some pre- 
liminary tests with another model, results with this type of 
control system have been very satisfactory. 

When Cj, was varied in the positive direction from the 
basic condition (from case'7 to case 15), constant corrective 
control was required because of the unstable oscillation, but 
the model was highly maneuverable in roll. This increase 
in maneuverability was attributed to the reduced damping 
of the rolling mode. (See fig. 10.) 

General flight behavior.—The two important factors 
affecting the overall flight characteristics of the model when 
Cy, was varied were the damping of the oscillation and the 
overdamping of the rolling mode. The best general flight 
behavior was obtained with a value of C,, of —0.8 (case 12). 
For this condition, the oscillation damped to one-half ampli- 
tude in about 1.4 seconds and the tendency toward restraint 
in roll was not considered too objectionable, although the 
model did have less rolling maneuverability than is normally 
desired. Steady wings-level flights with this value of Cip 
were very smooth and the model required very little correc- 
tive control. 

For values of C;, between —0.5 and 0.1 (cases 14, 7,-and 
15), the general flight behavior was poor because of unsatis- 
factory damping of the lateral oscillation. With values of 
Cy between --0.8 and --7.3 (cases 10 to 12), the general 
flight behavior was considered unsatisfactory because the 
rolling mode was so heavily damped that the rolling maneu- 
verability of the model was impaired. 


EFFECT OF ROLLING MOMENT DUE TO YAWING Cr 


Increasing Cı, in the positive direction improved the 
damping of the lateral oscillation but caused the model to 
become very spirally unstable. No flight condition in which 
Cı, was varied was considered appreciably better than the 
basic flight condition. 

Dynamic stability —The flight tests show that the damp- 
ing of the lateral oscillation improved very slightly when C,, 
was increased from the basic value of 0.13 to a value of 0.3 
(fig. 12 and table II), but the model became more difficult 
to fly despite this increase in damping. With values of C, 
greater than 0.3, attempts to measure the damping of the 
oscillation were not successful because almost continuous 
corrective control was required to keep the model from diverg- 
ing into the tunnel walls. In this range of Ọ,, however, it 
was apparent to the pilot that the damping of the oscillation 
was increasing with increasing C,. (See cases 19 and 20, 
table IT.) 

When Cı, was varied in the negative direction from the 
basic condition, oscillatory instability was obtained, but 
even with the highest negative value of C; covered in the 
tests (—2.9), this instability was not great enough to make 
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FIGURE 12.—Flight records of the lateral motions for various 
values of Ci,- 


the model unflyable. For this value of Ci, the oscillation 
doubled amplitude in about 3.0 seconds. 

A comparison of the calculated and experimental values 
of period and damping as affected by changes in (7, is pre- 
sented in figure 13. In the positive C,, range above-0.3, 
no quantitative data on the damping of the oscillation 
could be obtained, as previously mentioned. The data of 
figure 13 show that, for all values of C, except those close 
to the basic value of 0.13, the calculated damping of the 
oscillation is in rather poor agreement with the experimental 
results. In the negative Cı, range the instability of the 
oscillation was not nearly as severe as that predicted by 
the calculations in which time lag was neglected. For the 
value of Ci, of —2.9, the measured value of 1/T1,, was about 
—0.35, whereas that calculated with the assumption of 
zero time lag was approxiinately —2.50. In an effort to 
explain this large difference between. the experimental and 
calculated results, additional calculations were made in 
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Figure 13.—Calculated effect of C;, on stability and comparison with 
experimental data. 


which the constant time lag of 0.05 second was taken into 
The result of these calculations 


j= 1.32) 
was in closer agreement with the experimental value of 
1/Ti. The discrepancy between the measured and calcu- 
lated values of damping shown in figure 13 may therefore 
be attributed at least partly to the effect of time lag in the 
stabilization device. The calculated period, which was 
‘relatively unaffected by time lag, is in fairly good agreement 
with the period determined from flight records for all values 
of Cı, where oscillations could be obtained. These results 


account. 
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indicate that almost no variation in period occurred through- 
out the range of C,. The calculated response of the model 
for a value of C, of 3.13 (fig. 14) illustrates the aperiodic 
divergence which made it impossible to obtain a quantita- 
tive measurement of damping in the flight tests for large 
positive values of C,. 

The most noticeable change in stability observed in the 
flight tests was the severe spiral divergence encountered 
with high positive values of C,. Spiral instability occurred 
with a value of C,, of about 0.3 and became more severe as 
Cı, was increased. With a value of C;, of 3.1 (case 20), 
this spiral instability was so great that most of the flights 
ended in crashes. This increase in spiral instability ob- 
served in the flight tests is predicted by the damping cal- 
culations of figure 13 and is illustrated by the calculated 
response to rolling and yawing disturbances in figure 14. | 

In the flight tests the spiral stability appeared to be im- 
proved as C,, was increased in the negative direction since 
the model would fly for long periods of time with controls 
fixed. This increase in spiral stability was also predicted 
by the calculations. (See fig. 13.) The long-period heavily 
damped oscillation, which the calculations show is formed 
from the merger of the spiral and rolling modes in the 
negative C; range, was not apparent in the flight tests. 

From these results the variation of the derivative O, 
‘appears to offer very little hope for improving the overall 
lateral stability characteristics of an airplane. This deriva- 
tive, however, may in some cases be used to redistribute 
the damping between the oscillatory and aperiodic modes if 
surplus damping of the aperiodic modes is initially present. 
Preliminary calculations have indicated that the damping 
of the oscillation obtained with C,, alone could be improved 
appreciably by utilizing C;, to redistribute part of the excess 
damping of the spiral mode to the oscillatory mode. 

Control.— As O, was varied in the positive direction, the 
model became more maneuverable but the controllability 
became worse. The increased maneuverability caused the 
model to be highly responsive to the slightest control de- 
fiéction at the higher values of C, so that the model became 
very difficult to control. Many of the flights with a value of 
C, of 3.1 ended in crashes because the model was inad- 
vertently overcontrolled; yet, reducing the control deflec- 
tion did not seem advisable because at times large control 
deflections were required to recover from the rapid roll-off 
into a spiral. (See fig. 12.) In this case the model appeared 
to be highly maneuverable when the pilot rolled the model 
from an initial wings-level flight attitude; however, in the 
attempt to recover from a large angle of bank following such 
a roll-off, application of full opposite control did not produce 
immediate recovery. The maneuverability in this condition 
was therefore considered not entirely satisfactory. Because 
of the inability to establish a definite overall estimate of 
the maneuverability with positive values of C,, no maneu- 
verability ratings were assigned for these conditions in table II. 
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When C;, was varied in the negative direction (cases 16 
and 17), the controllability became worse because corrective 
control was required to prevent the unstable oscillation 
from building up to large amplitudes. Even at the highest 
negative value of Cj, tested, however, the oscillatory in- 
stability was easily controlled.. The maneuverability of 
the model was satisfactory in the negative range of Ci, 
and was not appreciably different from that of the basic 
condition. ` 

General flight behavior. —Thė only improvement in the 
general flight behavior that resulted from varying Cı, was 
obtained with a very small positive increase (from 0.13 to 
0.3), and this improvement was very slight. In this condi- 
tion (case 18) the slight increase in oscillatory stability was 
considered more important to the general flight behavior 
than the decrease in controllability. With further positive 
increases in. C, (cases 19 and 20), the general flight behavior 
became worse despite the increase in oscillatory stability. 
Poor controllability and severe spiral instability, which 


more than offset the increased damping of the lateral oscilla-. 


tion, were the causes of this poor general flight behavior. 
As C, was increased in the negative direction, the unstable 


oscillation caused the general flight behavior of the model - 


to become Worse. 

These results indicate that very little improvement in 
overall flight behavior of an airplane can be obtained with 
a change in C,,, except, perhaps, in the case of an airplane 
with a substantial amount of aperiodic stability in the basic 
condition. | 


EFFECT OF YAWING MOMENT DUE TO ROLLING Ca, 


Increasing the value of Ca, in the positive direction caused 
very rapid improvement in damping of the lateral oscilla- 
tion, but this improvement in damping was obtained at the 
expense of the normally well-damped rolling mode. The 
decrease in the stability of the rolling mode caused the 
controllability and hence the general flight behavior of the 
model to become progressively worse. 

Dynamic stability—The results of flight tests indicated 
that a small positive increase in the value of Ca, caused a 
large improvement in damping of the lateral oscillation. 
The time histories of figure 15 show that as the value of 
Ca, was increased from —0.07 (basic condition) to 0.3 the 
neutrally stable oscillation became well-damped. For this 
value of C,, the oscillation damped to one-half amplitude in 
about 0.8 second. With further increases in the value of 
C,, to 0.9, quantitative values for damping of the oscillation 
could not be measured from the flight records because the 
poor lateral flight behavior of the model required almost 
constant corrective control. In this range of C, , (cases 23 
to 25), however, it was apparent to the pilot that the damp- 
ing of the oscillation was increasing with increasing Ca, 
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FIGURE 15.—Flight records of the lateral motions for various 
š values of C,,. 


(See table IL.) Sustained flight was impossible with values 
of C, greater than 0.9. 

The results of flight tests indicated that as C, , Was varied 
in the negative direction from the basic condition the lateral 
oscillation became unstable. Because of this increase in 
oscillatory instability, the negative range of C,, that could 
be experimentally investigated was very limited. With 
negative values of C,, larger than —0.7, the model was 
unflyable. 
~ In the comparison of the experimental and calculated 
oscillatory stability of the model for various values of (,, 
(fig. 16), the theory is seen to be in fairly good agreement with 
the experimental results for damping of the oscillation. The 
increase in period for small positive values of Ca, predicted by 
the calculations, however, was not observed in the flight tests. 
The calculations predict a continued increase in damping 
of the short-period oscillation for positive values of Ch, 
larger than the maximum value tested (0.9) for which flights 
could be made. ‘The calculated response of the model, (fig. 
17) for the value of C,, of 0.88 shows the aperiodic divergence 
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( 


, sec 
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4 -3 -2 l O l 2 3 4 
Yawing moment due to rolling, Cng 
FIGURE 16.—Caleulated effect of C,,, on stability and comparison with 
experimental data. 


which made a quantitative measurement of damping im- 
possible to obtain in the flight tests for this case. In the 
negative range of Ca, the calculations verify the highly 
unstable oscillation observed in the flight tests. 

The improvement in oscillatory stability with positive 
values of Ca, was accompanied by a decrease in the stability 
of the aperiodic phases of the motion. Flight tests were 
limited in this range by a type of instability which bore a 
close resemblance to the spiral instability observed in the 
flight tests with positive C,. The model became very 
touchy to fly as Ch, was increased up to 0.4 and became 
extremely difficult to control for values of C,, greater than 
0.4. Because of this instability sustained flight was impos- 


"mode decreased ea 
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sible for values of C,, greater than 0.9. As the value of 
Cy, was varied through this range (—0.07 to 0.9), the pilot 
complained of an increasingly strong tendency of the model 
to go into a tight turn in response to normal aileron control. 
To the pilot this tendency appeared to be a severe case of 
spiral instability. The results of calculations, however, 
show that the stability of the spiral mode remained unchanged 
up to a value of Ca, of 0.5, whereas the stability of the rolling 
(See fig. 16.) A decrease in 
stability of the rolling mode therefore might sometimes a 
mistaken for spiral instability. 

The calculated results in figure 16 show that, dakoie 
the rolling mode remained stable up to the point of its merger 
with the spiral mode at a value of C,, of about 0.55, it was 
considerably less damped than in any other flight condition 
experienced in these tests. At the value of Cn, of 0.55, the 
two aperiodic modes merged to form a long-period oscillation 
which became unstable at a value of Cn, of about 0.65. This 
oscillation was not observed in the flight tests because of its 
extremely long period of over 40 seconds. Immediately after 
it became unstable, the long-period oscillation broke up to 
form two new aperiodic modes, one of which became increas- 
ingly unstable as Ca, was increased further. 


The results of these tests and calculations indicate that 
the derivative C,, might possibly be useful for redistributing 
the natural damping of an airplane in cases where the air- 
plane has more than adequate damping of the rolling mode. 
The results of reference 2 indicate that the use of Cs, in 
combination with On will provide an increase in oscillatory 
stability without a loss in rolling stability since, as previously 
discussed, the use of the derivative C;, alone causes a large 
increase in the stability of the rolling mode. Use of Cr, 
alone, however, obviously is limited to values less than those 
which would cause the undesirable aperiodic motions experi- 
enced in these tests. 

Control.--Despite the increased damping of the lateral 
oscillation as C}, was increased from 0.3 to 0.4 (cases 23 and 
24), the controllability of the model became worse as a result 
of the increase in apparent spiral instability. With small 
positive increases in the value of C,, ,the maneuverability 
of the model improved, and with the highest positive value 
of Ch, covered in the tests (0.9, case 25), the model appeared 
to be highly maneuverable when the pilot rolled the model 
from an initial wings-level attitude. As in the case of high 
positive C;, in an attempt to recover from a large angle of 
bank following such a roll-off, application of full opposite 
control did not produce immediate recovery. The maneu- 
verability in this case was therefore considered not entirely 
satisfactory. Because of the inability to establish an overall 
estimate of the maneuverability with positive values of Ch, 
no maneuverability ratings were made for these conditions 
in table II. 
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Figure 17.—Calculated response of model to yawing or rolling disturbance for various values of Ca, 
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When Ca, was varied in the negative direction the con- 
trollability became poor because constant corrective control 
was required to prevent the unstable oscillation from build- 
ing up to a large amplitude. The model was uncontrollable 
with values of C,, more negative than --0.7. There was no 
appreciable change in the maneuverability of the model with 
negative increases in Ca, 

General flight behavior.--The increased damping of the 
oscillation obtained with the small positive values of C,, pro- 
vided an improvement in the general flight behavior despite 
the decrease in apparent spiral stability. The pilot felt 
that, with the small positive values of C,,,, the slight tendency 
toward spiral instability (which, in reality, was decreased 
damping of the rolling mode) was not highly objectionable 
because only small amounts of corrective control were re- 
quired. With further positive increases in the value of C,,,, 
however, the unstable aperiodic tendency became so severe 
that the general flight behavior was unsatisfactory even 
though the oscillatory stability continued toimprove. When 
C,, was varied in the negative direction from the basic con- 
dition, the general flight behavior became worse because of 
the unstable oscillation. 


COMPARISON OF EFFECTS OF THE ROTARY DERIVATIVES 


Dynamic stability and general flight behavior.—The sum- 
mary of results presented in figure 18 provides an indication 
of the relative merit of changes in the various derivatives. 
This summary, which is based on the flight ratings for os- 
cillatory stability and general flight behavior (table ID), 
compares the improvement in oscillatory stability and the 
accompanying changes in general flight behavior obtained 
by varying the different derivatives. 


Use of C,, appears to produce the most satisfactory results: 


since it provided the greatest amount of damping of the 
oscillation before introducing adverse flight characteristics. 
Although the results of figure 18 show that Cj, produced 
approximately the same maximum damping of the oscillation 
as C,,, the poor maneuverability caused by the stiffness in 
roll which resulted from negative increases in C;, prevented 
good flight behavior from being obtained. In fact, for values 
of the derivatives of about —2 or —3 where the damping 
was essentially the same for the two derivatives, the flight 
behavior for Cj, was considered poor whereas that for C,, 
Was good, 

Although the two cross derivatives C, and Ca, actually 
produced a greater improvement in the damping of the 
oscillation than the two damping derivatives Cn, and Cr, 
they provided less improvement in general flight behavior. 
In fact, because of the severe apparent spiral instability 
produced by increases in these derivatives, satisfactory 
. general flight behavior could not be obtained for any condi- 
tion in which C,, was varied, and only barely satisfactory 
general flight behavior could be obtained with C,,. 
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FiGURE 18.--Effect of variation in rotary derivatives on general flight 
behavior and oscillatory stability. (Data from table II.) 


Amount and distribution of the damping of the system. 
For a better understanding of the effects of the derivatives 
on the oscillatory stability and general flight behavior, both 
the changes in total damping of the system and the redis- 
tribution of this damping between the various lateral modes 
must be considered. The results presented in figure 19 show . 
the way each derivative affects the total damping of the 
system. In this comparison the damping is expressed in 
terms of the ratio B/A where A and B are coefficients of the 
first two terms of the lateral-stability quartic equation. 
This ratio is proportional to the total damping. (See 
refs. 1 and 2.) i 

These results show that changes in any of the four deriva- 
tives can cause increases in the total damping. The greatest 
increase in damping per unit change in a derivative was 
obtained with negative increases in the value of C,. In- 


creasing the value of Ca, negatively was about one-seventh 
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FIGURE 19.—Calculated effect of rotary stability derivatives on total 


damping. 


as effective as increasing (;,, and increasing C;, or Ca. in 
the positive direction was about one-fourteenth as effective 
as increasing C,. Examination of the coefficient B of the 
quartic equation indicates that the differences in the effects 
of the derivatives on the total damping are directly related 
to the differences in the inertia parameters K7”, Kx’, and 
Kxz. Because of this relationship the ratio of the changes 
of total damping is merely a reflection of the ratio of the 
‘inertia parameters: that is, Ky” is approximately 7 times 
Ky? and 14 times Kyz. : 

Although changes in the values of the cross derivatives 
did affect the total damping of the system, these changes 
primarily caused a redistribution of the damping between 
the various lateral modes. These effects are important when 
possible combinations of derivatives are being considered for 
improving the damping of the lateral oscillation without 
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FIGURE 20.— Effect of change in rotary derivatives on damping of aiw 
oscillation and comparison with Air Force and Navy requirement, 


adversely affecting the stability of the aperiodic modes. 
Such a balance of stability may be accomplished by arti- 
ficially increasing one of the damping derivatives and then 
varying the proper cross derivative to provide the desired 
distribution of the damping between the various lateral 
modes. f 

Comparison with Air Force and Navy damping require- 
ments.—In order, to evaluate the effectiveness of the 
individual rotary derivatives in improving the damping of 
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the oscillation for a full-scale airplane, the calculated damp- 
ing has been compared with the Air Force and Navy damping 
requirements. (See refs. 10 and 11.) In this comparison 
(presented in fig. 20) the period and the damping factor 
have been scaled up so that the results can be compared 


directly with the damping requirements. In scaling up 
these values the model was assumed to be a =-seale model 


of an airplane; therefore, the period of the model was multi- 
plied by 3 and the damping factor was divided by 3. 

These results indicate that, in order to satisfy the require- 
ments, C,, would have to be changed from —0.21 to —0.66, 


Cy, from —0,32 to —0.53, C), from 0.13 to 0.78, or C,, from 


—0.07 to 0.07. A brief analysis has indicated that (if lag 
and nonlinearities are neglected) any of these changes can 
be obtained with an artificial-stabilization system utilizing 
conventional-size control surfaces. It should be empha- 
sized, however, that no general conclusions should be drawn 
from these results since they äre for one airplane and one 
flight condition. 

A comparison of figures 18 and 20 indicates that increas- 
ing any of the derivatives except C,, increased the damping 


enough to meet the Air Force and Navy requirements before 
the general flight behavior became unsatisfactory for some 
other reason. Another important point that can be seen 
in the comparison of figures 18 and 20 is that the apparent 
superiority of the derivative Ca, in providing damping of 
the lateral oscillation was not realized because of the severe 
apparent spiral instability that resulted with large positive 
values of this derivative. 


SUGGESTIONS FOR FUTURE RESEARCH 


The present report covers a part of an investigation to 
determine the best means for improving the dynamic lateral 
stability of airplanes by means of artificial-stabilization 
systems. This phase was concerned primarily with the 
independent variation of the four rotary stability deriva- 
tives. Another phase of the investigation should be con- 
cerned with the use of combinations of these derivatives 
because it appears possible to increase the total damping of 
the system with one of the damping derivatives and then to 
redistribute this damping to the various lateral modes by 
means of a cross derivative in order to obtain good oscilla- 
tory stability without impairing the other flight charac- 
teristics. 

The present investigation was concerned with pure changes 
in the four rotary derivatives. Since practical artificial- 
stabilization systems will have a certain amount of lag and 
nonlinearities, they cannot produce pure changes in the 
derivatives. Preliminary calculations indicated that appre- 


ciable changes in stability may be caused by time lag in the, 


artificial-stabilization system. A study should therefore be 
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undertaken to determine the ways in which the results of 
the present investigation would be altered by the intro- 
duction of these additional factors. 

The results presented in the present report are for only 
one particular configuration and for one flight condition. 
Similar results for this.and other configurations for a wide 
range of flight conditions should be obtained since the effects 
of artificial stabilization may vary widely with changes in 


the basic conditions. 


CONCLUSIONS . 


The results of the investigation to determine the effects 
on dynamic lateral stability and control of large artificial 
variations in the rotary stability derivatives may be sum- 
marized as follows. Although these results do not apply 
directly to airplanes or flight conditions other than those 
investigated, the trends of the results presented are believed 
to provide a qualitative indication of the general effects of 
large variations of the stability derivatives. 

1. The calculated results were in qualitative agreement 
with the experimental results in predicting the general trends 
in flight characteristics produced by large changes in the 
stability derivatives, but m some cases the calculations in 
which time lag was neglected were not in good quantitative 
agreement with the experimental results. In these cases, 
check calculations made by taking into account time lag 
indicated that these discrepancies could be attributed to 
the effect of the small constant time lag in the stabilization 
device used. 

2. The only derivative which provided a large increase in 
damping of the lateral oscillation without adversely affecting 
other flight characteristics was the yawing moment due to 
yawing C.a. Because of the limitations imposed by the 
relatively small size of the test section of the ‘Langley free- 
flight tunnel, however, the flight characteristics of the model 
were not appreciably influenced by the stiffness in turning 
maneuvers which has been found objectionable in some 
airplanes equipped with yaw dampers. Oscillatory insta- 
bility was produced by extreme increases in C,, in the nor- 
mally stabilizing direction (negative direction). 

3. Increasing the rolling moment due to rolling Cj, to 
moderately large négative values produced substantial in- 
creases in the damping of the lateral oscillation but caused 
an objectionable stiffness in rol. Further negative increases 
in C1, did not cause additional increases in the damping of 
the lateral oscillation and made the stiffness in roll more 
objectionable. 

4. Increasing the rolling moment due to yawing C, in the 


.positive direction produced an increase in the damping of 


the lateral oscillation but caused an undesirable spiral 
tendency. 
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5. Increasing the yawing moment due to rolling C,, in the 


positive direction produced a greater increase in the damping 
of the lateral oscillation than that produced by any other 
derivative but it caused an undesirable spiral tendency before 
adding a substantial amount of damping. 

Some preliminary calculations have indicated that the 
use of combinations of derivatives such as O, and C;, or Chr, 


and C, should be more satisfactory than the use of single 


derivatives for increasing the damping of the lateral oscil- 
lation without impairing other flight characteristics. 


LANGLEY ABRONAUTICAL LABORATORY, 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 
LANGLEY FIELD, Va., June 20, 1962. 
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